The Smads are intracellular signalling molecules that transduce signals from receptors for members of the TGF-b superfamily to the nucleus. We have cloned the Xenopus orthologue of Smad3 (XSmad3). It is 94.6% identical to human Smad3 at the amino acid level. It is expressed as a maternal mRNA which disappears after stage 10.5, but reappears at the early tailbud stages. It is much less abundant than XSmad2 at the early developmental stages. From Stage 27 onwards XSmad3 is expressed with XSmad2 throughout the head region and in the somitic region. Strikingly however, XSmad3 alone is speci®cally expressed in the chordoneural hinge, the notochord and in the developing heart. Closer analysis reveals that XSmad3 is speci®cally expressed in the endocardium but not in the myocardium or pericardium. The chordoneural hinge staining persists at least until stage 40 whereas the staining in the endocardium peaks at approximately stage 32/33. q
Results
During Xenopus embryogenesis, TGF-b family members act as morphogens, playing key roles in specifying and patterning the three germ layers of the early embryo (Whitman, 1998) . The Smads have been identi®ed as the intracellular signalling molecules responsible for transducing signals from the activated receptors for TGF-b family members to the nucleus (Massague Â and Wotton, 2000) . The receptor-regulated Smads (R-Smads), Smad2 and 3, are speci®cally phosphorylated and activated by activin or TGF-b type I receptors. They then form complexes with a co-Smad (Smad4) which accumulate in the nucleus and are directly involved in regulating transcription of target genes (Massague Â and Wotton, 2000) . The role of Xenopus Smad2 (XSmad2) in mediating activin-like signals (probably nodal family members) involved in mesoendoderm formation has been well established (Graff et al., 1996; Whitman, 1998) . This essential role is underlined by the fact that mouse embryos lacking Smad2 fail to gastrulate and are defective in extraembryonic ectoderm and mesoderm formation (Weinstein et al., 2000) . In contrast, mice deleted in the highly-related Smad3 gene develop in utero normally, but after birth develop immunological defects, skeletal defects and colon cancer (Weinstein et al., 2000) . These observations suggest that these two highly related R-Smads have distinct roles in vivo. Since the Smad3 null mice show no obvious developmental phenotypes, the role of Smad3 in early vertebrate development has so far remained obscure. To begin to understand signalling by TGF-b superfamily members in early development and to understand the differences between these two highly related R-Smads, we have cloned the Xenopus orthologue of Smad3 (XSmad3). We have analyzed its expression in developing Xenopus embryos, and compared it with that of XSmad2.
We screened a Xenopus ovary cDNA library with a human Smad3 probe and identi®ed 3 clones, all of which exhibited a high degree of identity with human Smad3. The longest clone was fully sequenced and is 94.6% identical to human Smad3 at the amino acid level (Fig. 1) . By way of comparison, XSmad2 and XSmad3 are 82.5% identical, and human Smad2 and XSmad3 are 82.1% identical at the amino acid level. The temporal expression pattern of XSmad3 mRNA was analyzed by RNase protection assay (Fig. 2) . XSmad3 is present as a maternal mRNA, disappears completely after stage 10.5 ( Fig . A similar temporal expression pattern was seen with zebra®sh Smad3 (Dick et al., 2000) . In contrast, XSmad2 mRNA, which is also maternal, is present throughout gastrula and neurula stages ( Fig. 2B  lanes 6±12 ; Howell et al., 1999) and is considerably more abundant than XSmad3 mRNA (Fig. 2B ). These differences were further investigated by in situ hybridization. At early gastrula stages both XSmad2 and XSmad3 are detected most strongly in prospective ectoderm and mesoderm, although after extended staining, mRNA can also be seen in the prospective endoderm (Fig. 3A,B) . At later stages both XSmad2 and XSmad3 are strongly expressed throughout the head region and in the somites (Fig. 3C±H, blue staining) . At stage 27 the staining in the somitic region is in a repeated chevron pattern. This may correspond to the Smad3 staining seen in the somitic region of zebra®sh embryos, which was thought to be in migrating neural crest cells at the somitic boundaries (Dick et al., 2000) . However a similar chevron pattern could also be obtained from localized XSmad3 transcripts within somitic cells. Strikingly, between stages 27 and 32, XSmad3 alone is speci®cally expressed in the notochord and chordoneural hinge (Fig. 3D,F ) Expression in the chordoneural hinge persists until at least stage 39/40 (Fig. 3D,F,H,J) . The chordoneural hinge is formed from a population of cells derived from the dorsal lip of the late gastrula, and has been shown to be important in tail development as it retains inducing activity in grafting experiments (Gont et al., 1993) . The nature of the signalling molecules it secretes are unknown, but the high level of expression of XSmad3 there suggests that nodal/activin/ TGF-b signals may be involved. Speci®c XSmad3 expression is also observed in the developing heart from stage 27 onward, although expression in this region of the embryo reaches its peak at around stage 32 and appears to decrease thereafter (Fig. 3F,H,I ). At stage 33 the expression of XSmad3 in the heart is very restricted (Fig. 3I) . Serial sectioning along the anterior-posterior axis through the developing heart at this stage reveals that XSmad3 is expressed solely in the endocardium and is absent from the myocardium and pericardium (Fig. 4A±  F) . At the anterior end, strong staining is seen at the top of the out¯ow tract, but the staining does not extend into the aortic arches ( Fig. 4C; arrowhead) , and at the posterior end the staining does not extend into the sinus venosus (data not shown).
The chordoneural hinge, notochord and the heart only express XSmad3; XSmad2 is either absent or present at very low levels in these regions (Fig. 3C,E,G) .
In summary, we have demonstrated that the two highlyrelated R-Smads, XSmad2 and XSmad3 have expression patterns that overlap in some regions of the embryo, but there are three speci®c regions, the endocardium, the notochord and the chordoneural hinge that uniquely express XSmad3. This strongly implies that XSmad3 is the most likely R-Smad to mediate gene expression in response to nodal/activin/TGF-b signals in these speci®c regions. Fig. 4 . Expression of XSmad3 in the heart is restricted to the endocardium. Panels (A±F) represent serial 10 mm transverse sections from anterior to posterior respectively through the heart region of a stage 33 embryo previously stained for XSmad3 by the whole-mount procedure used in the previous panels. e, endocardium; m, myocardium; aa, aortic arch. In panel (C) note that endocardial staining, which is strong in the out¯ow tract (arrowhead) does not extend into the aortic arches (aa). In panel (E), the section has cut through the endocardium twice as it is a spirally looped tube (both indicated`e'): The blue staining is seen speci®cally in the endocardium.
Materials and methods
A Xenopus ovary cDNA library in l ZAPII was probed with a fragment corresponding to amino acids 1±424 of human Smad3 as previously described (Howell et al., 1999) . Three positive clones corresponding to full length XSmad3 were plaque puri®ed and sequenced and the sequence has been deposited in the EMBL database (accession number AJ311059). Xenopus embryo manipulations, RNase protections and the XSmad2 and FGF receptor antisense probes were as previously described (Howell and Hill, 1997; Howell et al., 1999) . The XSmad3 antisense probe for RNase protection and in situ hybridization protects the region of mRNA encoding amino acids 43-106 inclusive. Whole-mount in situ hybridizations were performed as described (Germain et al., 2000) , using the appropriate digoxigenin labelled RNase protection probe. Embryos stained for XSmad3 mRNA were embedded in wax and sectioned as previously described (Mohun et al., 2000) . Sections were counterstained with Feulgen stain.
